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Abstract

Gold nanocages (AuNCs) have emerged as a novel class of multifunctional nanomaterials with an 

array of applications in nanomedicine, including drug delivery, controlled release, as well as 

disease diagnosis and treatment. Labeling AuNCs with radionuclides not only offers additional 

therapeutic capabilities but also makes it easy to analyze their biodistribution, monitor their uptake 

by the tissue or organ of interest, and optimize their performance in both diagnosis and treatment. 

In this Progress Report, we begin with an introduction to the chemical synthesis and optical 

properties of AuNC. We then showcase several methods developed for their radiolabeling and 

highlight the use of radiolabeled AuNCs in tracking and quantifying their pharmacokinetics, 

including biodistribution, tumor uptake, and intratumoral distribution. Finally, we discuss their 

potential applications in targeted imaging and image-guided therapy.

Graphical Abstract

Labeling AuNCs with radionuclides makes them visible by positron emission tomography, 

single photon emission computed tomography, and Cerenkov luminescence imaging, offering the 
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convenience for analyzing their biodistribution, monitoring their uptake by the tissue or organ of 

interest, and optimizing their performance in image-guided therapy.
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1. Introduction

As a class of hollow nanocrystals, Au nanocages (AuNCs) feature ultrathin and porous walls 

comprised of Au or Au-based alloys. Owing to their unique properties, AuNCs have been 

actively explored for a variety of applications in biomedicine, including drug delivery, 

cancer diagnosis and treatment.[1–5] Specifically, their hollow structure provides a high 

capacity for loading various types of payloads, while the payload can be quickly loaded and 

released through the pores in the walls. These features are particularly attractive in drug 

delivery and controlled release.[5–7] In addition, the localized surface plasmon resonance 

(LSPR) peaks of AuNCs can be readily tuned to the near-infrared (NIR) region, allowing us 

to take advantage of the transparent window of soft tissues, where light can penetrate deeply 

with minimal attenuation. This feature makes AuNCs ideal candidates for in vivo optical 

imaging and therapeutic applications.[8] Furthermore, AuNCs exhibit a high efficiency for 

light-to-heat conversion under NIR irradiation, making them useful in photothermal therapy 

and/or thermo-responsive drug release.[9] Their sizes can also be tightly controlled in the 

range of 20–500 nm, allowing for optimization of their in vivo biodistribution profiles. Their 

surface can be conveniently conjugated with functional molecules through the gold–thiolate 

chemistry to achieve favorable interactions with the biological system of interest.[10] The 

last but not least, the good mechanical flexibility and stability associated with their single-

crystal structure make it feasible for them to survive the complex in vivo environments.[2]

Among the various features of AuNCs, the capability for imaging is of great importance as it 

allows one to analyze their in vivo biodistribution, monitor their uptake by the tissue or 

organ of interest, and optimize their performance in both diagnosis and treatment.[11,12] 

Even though AuNCs themselves can serve as optical probes for two and three-photon 

luminescence imaging or as contrast agents for optical coherence tomography (OCT) and 

photoacoustic (PA) imaging, these modalities tend to be limited by intrinsic drawbacks such 

as limited penetration depth and low sensitivity.[12–16] In addressing these issues, we have 

labeled AuNCs with radionuclides to make them well-suited as contrast agents for molecular 

imaging, including positron emission tomography (PET) and single photon emission 

computed tomography (SPECT).[17,18] These imaging modalities exhibit unlimited 

penetration depth and ultra-high sensitivity in vivo, while only a trace amount of the contrast 

agent needs to be used.[19–21] They also provide other advantages, such as non-invasiveness, 

high patient compliance, and real-time quantification of the radioactive tracer concentration 

at target locations.[21–23] In addition, the decay of a radionuclide can generate Cerenkov 

luminescence, making it possible to combine nuclear imaging with optical imaging.[24,25] 

Different from conventional luminescence, Cerenkov luminescence does not need excitation 

light, making it possible for deep tissue imaging while eliminating the interference from 
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background autofluorescence.[25] More importantly, PET, SPECT, and radioluminescence 

imaging systems can be integrated together or with other anatomy-based imaging modalities 

such as computerized tomography (CT), leading to more precise detection and analysis.[21]

Herein, we summarize the recent developments in labeling AuNCs with radionuclides and 

their uses as contrast or imaging agents. We begin with a brief introduction to the chemical 

synthesis of AuNCs, as well as their basic properties. We then discuss the methods that have 

been developed for labeling AuNCs with radionuclides such as 198Au, 199Au, 64Cu, and 
64Cu2+. Afterwards, we showcase the use of radiolabeled AuNCs for tracking and 

quantifying their biodistribution, tumor uptake, and intratumoral distribution. At the end, we 

offer a perspective on the potential use of radiolabeled AuNCs in targeted imaging and 

image-guided therapy.

2. Synthesis of AuNCs and Their Unique Properties

One can prepare AuNCs by taking advantage of the galvanic replacement reaction between 

Ag nanocubes and HAuCl4, which can be described using the following equation:[26,27]

3Ag s +   AuCl4  aq− Au s + 3Ag aq
+ + 4Cl aq−

Since AuCl4−/Au (1.00 V) has a more positive standard reduction potential relative to Ag
+/Ag (0.80 V), Ag atoms can be directly oxidized into Ag+ ions while the AuCl4− will be 

reduced to Au atoms and deposited on the surface of the Ag nanocubes, leading to the 

formation of AuNCs. In practice, AuNCs with tunable LSPR peaks are typically produced 

by introducing aqueous HAuCl4 into an aqueous suspension of Ag nanocubes with a syringe 

pump.[26] Figure 1, A and B, shows transmission electron microscopy (TEM) images of Ag 

nanocubes and the as-obtained AuNCs, respectively.[28] The nanocages had an average edge 

length of 45 nm, with a hollow interior and multiple pores (2–6 nm in diameter) in the wall. 

The morphological and structural evolutions from a Ag nanocube to a AuNC during the 

galvanic reaction is shown in Figure 1C. Detailed discussions can be found in other review 

articles.[1,9] Both the size and shape of the AuNCs can be easily tuned by varying the Ag 

nanocrystal template. In addition to Ag, Cu nanocrystals could serve as a sacrificial template 

for the fabrication of Au-based nanocages.[29] It is worth mentioning that AuNCs have also 

been synthesized via seed-mediated growth of Au on a template (e.g., Ag or Pd nanocrystal), 

followed by selective removal of the template from the core through chemical etching. Using 

this method, the wall thickness of the final AuNCs can be reduced down to several layers of 

Au atoms by controlling the seed-mediated deposition process.[30]

One of the most appealing properties of AuNCs is their tunable LSPR peaks in visible and 

NIR regions. LSPR refers to the scattering and absorption of incident light at a specific 

wavelength due to the collective oscillation of conduction electrons in the metal 

nanostructure at the same resonant frequency.[31–33] The LSPR peak of the AuNCs can be 

tuned by varying their size, composition, as well as the wall thickness and porosity. Figure 

1D shows UV–vis–NIR extinction spectra of aqueous suspensions of AuNCs prepared by 

reacting a fixed amount of Ag nanocubes with different amounts of HAuCl4 solutions, 
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showing that the optical properties of AuNCs are strongly correlated with the degree of 

galvanic replacement reaction (i.e., the composition and porosity of the final products).[26] 

Accordingly, the color of the samples changes from yellow to reddish-brown, purple, and 

blue (Figure 1E). Due to the LSPR effect, AuNCs are able to scatter and absorb light very 

strongly, making them useful as contrast agents for optical imaging or as photothermal 

agents for a variety of niche applications.[9] These capabilities are particularly relevant to 

biomedical applications considering that the LSPR peak of AuNCs can be precisely tuned 

into the transparent window of soft tissues. In addition, AuNCs also holds great promises for 

translational application considering their good biocompatibility both in vitro and in vivo.
[34]

3. Substitution of Au Atoms with 198Au or 199Au Atoms

The simplest and most straightforward method for labeling AuNCs with a radionuclide is to 

partially substitute the Au atoms in the walls with one of its radioactive isotopes, such as 
198Au (β−=0.96 MeV, t1/2= 2.7 days) or 199Au (β−=0.452 MeV, t1/2= 3.1 days). The 

substitution can be readily realized by employing a mixture of H198AuCl4 (or H199AuCl4) 

and HAuCl4 as the precursor to Au atoms.[35] Figure 2A shows the preparation of 198Au-

doped AuNCs through the galvanic replacement reaction between Ag nanocubes and a 

mixture of H198AuCl4 and HAuCl4. The mixture of H198AuCl4 and HAuCl4 was formed by 

irradiating a piece of nonradioactive Au foil with neutrons, followed by dissolution of the 

foil in aqua regia. Further purification was achieved by heating the products at 130 °C to 

remove the acids and other byproducts such as NO2 and NO.[36,37] Figure 2B shows a TEM 

image of the 198Au-doped AuNCs (after the complete decay of 198Au), with an average edge 

length of 33 nm. They exhibited the same shape and structure as the samples prepared with 

HAuCl4 alone. The radioactive thin layer chromatography in Figure 2C confirmed the 

radioactivity of the as-obtained AuNCs. Since there was no detection of unbound 198Au3+, 

the 198Au atoms were stably incorporated into the walls of the nanocages. As expected, the 

specific radioactivity of the final AuNCs could be tuned by varying the concentration of 

H198AuCl4 in the precursor mixture.

The energy of β− emitted from 198Au significantly exceeds 0.26 MeV, the threshold of 

kinetic energy required for Cerenkov radiation in biological tissues.[24] As a result, 198Au-

doped AuNCs are able to emit a high throughput of Cerenkov luminescence with 

wavelengths in the visible and NIR regions.[35] This feature enables the direct observation 

and tracking of the spatial distribution of the AuNCs injected into a mouse. Figure 2D shows 

the luminescent images of a mouse bearing an EMT-6 tumor after intravenous injection of 
198Au-doped AuNCs (2.37 MBq. per mouse) for 0, 2, and 24 h, respectively. To improve the 

circulation time in the bloodstream and the accumulation in the tumor, the surface of the 

AuNCs were conjugated with poly(ethylene glycol) (PEG) prior to the injection.[38–40] 

Clearly, the luminescence rapidly increased at the tumor, spleen, and liver sites in the first 24 

h after injection, indicating the accumulation of AuNCs in these tissues or organs. As a 

major advantage of this method, 198Au atoms are directly incorporated into the solid lattice 

of AuNCs, ensuring the stability for in vivo imaging and accurate analysis. Similarly, 199Au 

atoms can also be incorporated into the walls of AuNCs by mixing H199AuCl4, instead of 

Qiu et al. Page 4

Adv Healthc Mater. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



H198AuCl4, with the HAuCl4 precursor.[41] In general, the scope of this method is only 

limited by the availability of radioactive isotopes of Au.

4. Conjugation of 64Cu2+ Cations through Chelating Ligands

Because of its desirable nuclear properties (t1/2 = 12.7 h, β+ = 17%, and β− = 40%), 64Cu 

has become one of the most commonly used radionuclides in nanomedicine.[22] It can be 

readily introduced into the surface of a nanoparticle in the ionic form through the use of a 

specific chelating ligand.[42,43] In one demonstration, 64Cu2+ ions were conjugated to the 

surface of AuNCs with the aid of 1,4,7,10-tetraazacyclododacane-1,4,7,10-tetraacetic acid 

(DOTA), a macrocyclic chelating ligand.[17] The major steps involved in this conjugation are 

summarized in Figure 3A. In the first step, hetero-functional PEG was modified to the 

surface of AuNCs through the Au–S reaction to generate PEGylated AuNCs with NH2 

groups on their surface. The NH2 groups were then coupled to 1,4,7,10-

tetraazacyclododacane-1,4,7,10-tetraacetic acid mono(N-hydroxysuccinimide ester) (DOTA-

NHS-ester) through the amide reaction via NHS-activated ester. Upon incubation with 
64Cu2+ ions, 64Cu2+-labeled AuNCs (denoted 64Cu-DOTA-PEG-AuNCs) could be obtained 

by removing the free 64Cu2+ through centrifugation. The as-labeled AuNCs were able to 

retain >80% of the radioactivity after incubation in 10% mouse serum (in PBS) for 24 h, 

demonstrating the good stability.

These 64Cu2+-labeled AuNCs also exhibited high specific radioactivity and stability in vivo. 

Figure 3B shows PET/CT images of a mouse bearing an EMT-6 tumor after tail vein 

injection of a trace amount (23.8 fmol for AuNCs or 3.7 MBq for radioactivity) of 64Cu-

DOTA-PEG-AuNCs with an edge length of 30 nm for 1, 4, and 24 h, respectively. The 
64Cu2+-labeled AuNCs were initially detected at the center of the tumor and they rapidly 

spread throughout the tumor within 24 h. A quantitative analysis of the PET images further 

confirmed that the ratio of the nanocages accumulated in tumor relative to those in muscle 

kept increasing in the first 24 h. As a major advantage, this approach is extendible to other 

types of radioactive metal ions as long as appropriate chelating ligands can be identified. 

However, it is worth pointing out that the residual Ag in the AuNCs should be removed 

before labeling with 64Cu2+ ions. Otherwise, the Ag+ ions leaked from the walls would 

compete for the DOTA chelator, significantly decreasing the number of DOTA chelators 

available for 64Cu2+ radiolabeling.[44] Moreover, the surface characteristics of AuNCs may 

be altered by the macrocyclic ligands, leading to a reduced loading capability for other types 

of ligands (e.g., targeting or therapeutic molecules). Another potential issue is that the 

chelated 64Cu2+ ions may be trans-chelated to proteins in vivo, resulting in high uptake by 

off-target tissues or organs and thus misinterpretation of the imaging data.[35]

5. Alloying with 64Cu Atoms

It is also feasible to have 64Cu atoms directly deposited on the surface of Au nanoparticles to 

achieve radiolabeling.[45–47] A recent study demonstrated this approach for AuNCs through 

the co-reduction of HAuCl4, CuCl2, and 64CuCl2 in the presence of pre-formed AuNCs.[18] 

Figure 4A shows the schematic illustration of such a synthesis. During deposition, the Au, 

Cu, and 64Cu atoms formed an alloy on the surface of the AuNCs. The TEM image in Figure 
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4B demonstrates that the resultant AuNCs preserved the unique features of the original 

nanocages, including the hollow structure and the pores at the corner sites. The 64Cu-labeled 

nanocages had an edge length of 44 nm, together with a Au-Cu alloy shell of 3.6 nm in 

thickness. The thickness of the alloy layer could be adjusted by introducing different 

amounts of metal precursors into the reaction system while the radioactivity of the resultant 

AuNCs could be tuned by varying the proportion of 64CuCl2 in the precursor mixture.[31]

When 7.4 MBq of 64CuCl2 was used for the co-deposition process, the specific radioactivity 

of the 64Cu-doped AuNCs reached 2.04 GBq/nmol. Importantly, this strategy demonstrated 

superior radiolabeling stability for accurate tracking AuNCs in vivo.[18,46] Figure 4C shows 

PET/CT images of mice 4T1 and patient-derived xenografts (PDX) tumor models after tail 

vein injection of the 64Cu-doped AuNCs for 24 h, indicating the accumulation of the 

nanocages in the tumors for both animal models. The autoradiography of tumor tissues 

further demonstrates the homogeneous intratumoral distribution of the nanocages. 

Quantification of the uptake in these two tumor models also confirmed their gradual 

accumulation (Figure 4D). For the 64Cu and Cu atoms that were directly deposited on the 

surface of AuNCs in the form of an alloy with Au atom, their stability should be much 

greater than the 64Cu2+ ions that are conjugated to the surface through chelating ligands. It is 

worth mentioning that the deposition of Cu-Au alloy on the surface of AuNCs will induce a 

blue shift to their LSPR peak, which needs to be taken into consideration in choosing the 

pre-formed AuNCs.[18]

6. Quantifying the Biodistribution and Intratumoral Accumulation

It has been demonstrated that the intravenously-injected AuNCs typically circulate in the 

bloodstream and accumulate in tumor and organs such as liver, spleen, lung, and kidney.
[17,48] It is still not clear how AuNCs will be cleaned from the body. Their relatively large 

size makes it difficult for them to undergo renal clearance, while the extraordinary chemical 

stability of Au also make it difficult to have AuNCs metabolized in vivo. Due to the 

bioinertness of Au, the AuNCs should be able to remain in the body without eliciting 

adverse impacts. To this end, it is of critical importance to quantify the pharmacokinetics of 

AuNCs, including their biodistribution, tumor uptake, and intratumoral accumulation. As 

mentioned above, labeling AuNCs with radionuclides offers an opportunity for direct 

observation, tracking, and analysis of their distribution in vivo by PET, SPECT, or 

radioluminescence imaging.[1,17,35] By comparing the intensities of signals originating from 

different tissues or organs, one can semi-quantitively analyze the overall distribution of 

AuNCs. Their accumulation in solid tumors or other specific organs could be derived from 

the changes in intensity over time. For example, after labeling 33-nm AuNCs with 198Au, 

one can directly observe their accumulation in the tumor, as well as spleen and liver in the 

first 24 h after injection under an optical imaging system by leveraging the Cerenkov 

luminescence of 198Au (see Figure 2D).[35]

The biodistribution of AuNCs could also be quantified by tracing the γ radiation from the 

radionuclide in each organ ex vivo.[17,49] In one demonstration, the in vivo distribution of 

the four types of Au nanostructures, including nanospheres, nanodisks, nanorods, and 

nanocages, were systematically investigated by incorporating 198Au into their solid lattice.
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[49] Specifically, these Au nanostructures were prepared using a mixture of H198AuCl4 and 

HAuCl4 as the precursor. Figure 5, A–D, shows TEM images of the four samples. After 

modification with PEG, the four types of radiolabeled Au nanostructures were injected into 

tumor-bearing mice through tail vein, respectively. The organs of interest were collected at 

different time points post injection for gamma counting. Figure 5, E and F, hows a 

comparison of the biodistributions of these four types of 198Au-labeled Au nanostructures at 

1 and 24 h post injection, respectively. Clearly, all four samples showed high accumulation 

in liver and spleen. However, for these four types of Au nanostructures with different shapes, 

their in vivo pharmacokinetic profiles were significantly different. For example, the Au 

nanospheres showed a much longer circulation in bloodstream than the other three types of 

nanostructures, with a percent injected dose per gram of tissue (% ID/g) of 24.8% at 6 h. 

The AuNCs showed the second-longest blood circulation, which was maintained at a level of 

14.2% ID/g at 6 h post injection. As for the accumulation in tumors, Au nanospheres showed 

the greatest level, with up to 23.2% ID/g at 24 h post injection, while AuNCs gave about 

7.5% ID/g.

In addition to quantifying the biodistributions of these Au nanostructures, the radiolabeling 

also allowed us to monitor and analyze their intratumoral distributions.[17] Typically, after 

injection of the labeled nanostructures into tumor-bearing mice for 24 h, the tumors were 

excised and then microtomed into slices of 50 μm in thickness. These slices were then 

characterized by the autoradiography imaging. Figure 6 shows the as-obtained 

autoradiographic images of the tumor slices involving the four different types of 198Au-

doped Au nanostructures.[49] Specifically, the nanospheres and nanodisks were mainly 

concentrated in the periphery of the tumors, while the nanorods and nanocages appeared 

throughout the tumor, with the strongest signal coming from the core of the tumor. It has 

been established that nanoparticles enter tumors by leaking out through the intracellular gaps 

of the chaotic and hyperpermeable vasculature of a tumor based on the enhanced 

permeability and retention (EPR) effect.[50,51] The size, shape, and surface properties of the 

nanostructures influence not only their accumulation in a tumor but also the intratumoral 

distribution. For tumor therapy, nanostructures capable of quickly populating the entire 

tumor volume will give a better performance for the complete removal of the lesions, 

avoiding cancer relapse or metastasis.[52,53] Considering the overall performance in terms of 

blood circulation, tumor accumulation, and intratumoral distribution, AuNCs should be 

more attractive in cancer therapy compared to other types of nanostructures. More 

importantly, the hollow interior of AuNCs provides a high loading capacity for drugs, 

making them more viable in drug delivery-based cancer therapy.

7. Targeted Imaging and Diagnosis

Upon radiolabeling, AuNCs can serve as contrast agents not only for the evaluation of their 

biodistribution in vivo but also for targeted imaging of cells or tissues. For example, 

selective delivery of the radiolabeled AuNCs into a solid tumor can be used for cancer 

diagnosis. Despite some progress, it remains a grand challenge to effectively deliver 

nanoparticles into the tumor by leveraging the EPR effect only.[49,54] An alternative strategy 

is to functionalize their surfaces with a ligand that can selectively bind to a receptor (i.e., 
biomarker) overexpressed on the surface of the cancer cells.[55–57] In one demonstration, 
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[Nle4, D-Phe7]-α-melanocyte-stimulating hormone (NDP-α-MSH), a peptide capable of 

strongly binding to the α-MSH receptor overexpressed on melanoma cells, were conjugated 

to the surface of AuNCs, together with 64Cu2+ ions for targeted imaging of melanoma.[58] In 

a typical process, NDP-α-MSH and DOTA were linked to PEG chains terminated with 

orthopyridyl disulfide groups, respectively, followed by conjugation to AuNCs with an edge 

length of 35 nm through the Au–S linkage. By chelation with DOTA, 64Cu2+ ions could then 

be introduced onto the surface of the AuNCs, generating both NDP-α-MSH- and 64Cu2+-

labeled AuNCs (denoted 64Cu-AuNC-PEG-MSH). After injection into mice bearing 

B16/F10 melanoma, 64Cu-AuNC-PEG-MSH showed higher accumulation in the melanoma 

model at 24 h post injection when compared to AuNCs without labeling with NDP-α-MSH, 

demonstrating the targeting ability of 64Cu-AuNC-PEG-MSH. In principle, the targeting 

efficiency of 64Cu-AuNCs-PEG-MSH could be further increased by optimizing the number 

of NDP-α-MSH peptides present on the surface of each AuNC.[58]

8. Perspective: Potential Use in Image-Guided Therapy

Due to the extraordinary efficiency in photo-to-heat conversion, AuNCs have been used as 

photothermal agents for the ablation of solid tumors.[59,60] After accumulation in a solid 

tumor, the nanocages are able to quickly elevate the temperature within the tumorous tissues 

under the irradiation of light, causing damage to the lesion tissue by destroying the normal 

structure and function of proteins. In the meantime, the well-defined hollow and porous 

structures of AuNCs can be used as effective drug carriers while the loaded drugs will be 

released in response to light irradiation by leveraging the photothermal effect.[61–64] 

Significantly, the LSPR peaks of the AuNCs can be tuned into the NIR window of soft 

tissues, making it possible for the treatment of deep malignancy below the skin.[9]

When labeled with a radionuclide, AuNCs can serve as a multifunctional platform for 

image-guided therapy to precisely quantify the AuNCs delivered into a tumor for optimizing 

treatment regimen and thus improving the outcome.[65–67] Figure 7A shows a schematic to 

illustrate how the radiolabeled AuNCs can be applied to image-guided cancer therapy. After 

injection, the AuNCs will be delivered to the tumor site through passive and/or active 

targeting. Benefiting from the ultra-high sensitivity and deep penetration of molecular 

imaging (e.g., PET) or radioluminescence imaging modalities, one can confirm the precise 

margins or boundaries of the lesion tissues. At the same time, the biodistribution and 

intratumoral accumulation of the AuNCs can be monitored and quantified using the same 

imaging system. Based on the imaging results, the NIR laser will be applied to the exact site 

with appropriate duration and powder to ensure that the cancer cells are eradicated 

efficiently while the surrounding healthy tissues are kept safe. Under NIR irradiation, the 

AuNCs are able to eradicate cancer cells through photothermal heating (Figure 7B) and/or 

photothermally-triggered drug release (Figure 7C). To enable controlled release, the drugs 

can be co-loaded into the nanocages with a thermo-responsive matrix such as a phase-

change material (PCM).[60–62] Upon heating under NIR irradiation, the PCM will be melted 

to trigger the release of drugs for more effectively killing the cancer cells.[68,69]

In conclusion, we have introduced several strategies for the radiolabeling of AuNCs, 

together with their applications in serving as probes for molecular imaging and 
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radioluminescence imaging. The Au isotypes (e.g., 198Au or 199Au) can be directly 

incorporated into the walls of AuNCs in the form of atoms during the synthesis involving 

galvanic replacement reaction. Other radionuclides (e.g., 64Cu) can be added to the surface 

of AuNCs through either conjugation with the aid of a chelating agent or co-deposition with 

Au atoms. After radiolabeling, the pharmacokinetics of the AuNCs including the 

biodistribution, tumor uptake, and intratumoral accumulation can be easily observed and 

quantified by leveraging the radioactivity and Cerenkov luminescence. These radiolabeled 

AuNCs hold great promises for disease diagnosis upon additional modification with 

targeting ligands, as well as image-guided therapy by leveraging their photothermal 

properties and drug delivery capability. As a major difference from the conventional 

materials, researchers need to pay close attention to the lab safety when working with 

radiolabeled AuNCs, in addition to their in vivo stability and biosafety.
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Figure 1. 
TEM images of (A) Ag nanocubes and (B) AuNCs. (C) Schematic illustration of the 

structural changes during the synthesis of AuNCs from Ag nanocubes. (D) UV-vis spectra 

and (E) digital photographs of the suspension of Ag nanocubes upon reaction with different 

volumes of an aqueous HAuCl4 solution. (A–C) Reproduced with permission.[28] Copyright 

2014, Springer Nature. (D, E) Reproduced with permission.[26] Copyright 2007, Springer 

Nature.
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Figure 2. 
(A) Schematic illustration showing the synthesis of radiolabeled AuNCs through the 

substitution of Au atoms with 198Au atoms. (B) TEM image of the 198Au-doped AuNCs, 

which was obtained after the 198Au had decayed for one month. (C) Paper chromatography 

analyses of the H198AuCl4 and 198Au-doped AuNCs. (D) Representative luminescence 

images of a mouse bearing an EMT-6 tumor after tail vein injection of the PEGylated, 
198Au-doped AuNCs (2.37 MBq per mouse) for 0, 2, and 24 h, respectively. The images 

were obtained by collecting the emission light in the range of 500–650 nm using a IVIS 

Lumina II XR System, with the excitation filter closed. Reproduced with permission.[35] 

Copyright 2013, American Chemical Society.
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Figure 3. 
Schematic illustration showing conjugation of 64Cu2+ to the surface of a AuNC through 

DOTA, a chelating ligand. (B) PET/CT images of the 30-nm 64Cu-DOTA-PEG-AuNCs in a 

mouse bearing an EMT-6 tumor at 1, 4, and 24 h post injection (3.7 MBq injection/mouse). 

T, tumor; B, ladder. Reproduced with permission.[17] Copyright 2012, American Chemical 

Society.

Qiu et al. Page 14

Adv Healthc Mater. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
(A) Schematic illustration showing the synthesis of a 64Cu-doped AuNCs through co-

deposition of Au, Cu, and 64Cu atoms onto the walls of AuNCs. (B) TEM image of AuNCs 

after deposition of a layer of Au-Cu alloy (3.6 nm in thickness). (C) Transverse PET/CT 

images (left) and autoradiographs (right) of the PEGylated, 64Cu-doped AuNCs in mice 4T1 

and PDX tumor models at 24 h post injection. (D) Quantification of tumor uptake in both 

tumor models. *p<0.0005, #p<0.005. Reproduced with permission.[18] Copyright 2016, 

Wiley-VCH.
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Figure 5. 
(A–D) TEM images of Au-based (A) nanospheres, (B) nanodisks, (C) nanorods, and (D) 

nanocages, respectively. Quantitatively biodistribution of these four types of Au 

nanostructures, after labeling with198Au, at (E) 1 and (F) 24 h post injection. The insets in 

(E) and (F) show the tumor uptake data. Reproduced with permission.[49] Copyright 2014, 

American Chemical Society
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Figure 6. 
Autoradiographic images of tumor slices at 24 h post injection of four types of 198Au-

labeled Au nanostructures: (A) nanospheres, (B) nanodisks, (C) nanorods, and (D) 

nanocages, respectively. Reproduced with permission.[49] Copyright 2014, American 

Chemical Society.
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Figure 7. 
(A) Schematic illustration showing the potential use of radiolabeled AuNCs in image-guided 

therapy. The PET or luminescent imaging system can help confirm the boundaries of lesion 

tissues and the biodistribution of nanocages. With such information, the NIR laser can be 

applied to the exact position with an appropriate duration and powder. Under laser 

irradiation, the AuNCs are able to photothermally eradicate cancer cells. In the meantime, 

drugs can be loaded into the nanocages with a thermo-responsive material to enable 

temperature-controlled release. (B, C) Schematic illustrations showing the NIR-enabled (B) 

photothermal capability and (C) controlled release of a AuNC. The PET and luminesce 

images in (A) were adapted with permission.[17,35] Copyright 2012 and 2013, American 

Chemical Society.
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